The control of acoustic phonon generation is in high demand for applications using picosecond or femtosecond strain pulses, such as the phonon laser, terahertz radiation source, and nanostructure interface imaging. [1] [2] [3] [4] In InGaN/ GaN heterostructures, the coherent acoustic phonon has been demonstrated to form through piezoelectric electron-phonon interactions, where photoexcitation itself drives local lattice deformations. [5] [6] [7] [8] In the case of InGaN/GaN multiple quantum wells (MQWs), there are polarization fields in the quantum wells that oppose the polarization fields in the barriers, with the direction being determined by whether the strain is compressive or tensile. 9 If strain accompanies the polarization field in a piezoelectric material, the additional electric field will induce stress in the lattice as a counteraction. With regard to optical phonons, ultrafast field screening of the depletion region, which depends on the doping concentration and external bias, has been demonstrated to be the generation mechanism for coherent longitudinal-optical phonon oscillations in GaAs. 10, 11 Having high piezoelectricity and good thermomechanical stability, GaN-based material is a good candidate material for testing conversion from mechanical strain to electric field and vice versa. For example, Lin et al. reported efficient acoustic pulse generation through the field screening of carriers in the depletion region of a p-n junction. 12 In p-n or p-i-n diode structures, the depletion field is modified by applying an external bias, which affects the carrier drift and the driving force for the coherent acoustic phonon. Since the strain wave propagates at sound velocity, the spatial shape of the strain pulse must depend on the temporal profile of the driving force, which can also be modified by external bias.
In this paper, we report on the control of the acoustic phonon amplitude through the application of electric bias in an InGaN light-emitting diode (LED). The bias dependence of acoustic phonon generation is explained by the dynamic electric field screening of carriers, where the effective barrier and type-II absorption probability are key parameters.
We performed pump-probe measurements in reflection geometry on an InGaN LED having electroluminescence near 405 nm. The active region of the LED consisted of six periods of a 2-nm-thick InGaN quantum well with 10% In composition and an 8-nm-thick GaN barrier, and it was sandwiched between p-doped regions of GaN/AlGaN and n-doped GaN grown by metalorganic chemical vapor deposition on a sapphire substrate. The intrinsic electric field without external bias amounted to a voltage drop of about 3 V between the n-doped and p-doped regions. The band diagram and electric field in the active region were modified by applying external bias voltage ranging from À10 to 3 V.
For photoexcitation of carriers in InGaN quantum wells, femtosecond pulses with a central wavelength of 385 nm (3.22 eV) and pulse duration of 250 fs were obtained by frequency doubling near-infrared pulses from a Ti:sapphire laser. A beam splitter split the pulses into a pump beam with intensity of $20 lJ/cm 2 and a weaker probe beam. The pump pulse induces transient carriers and subsequent strain generation mostly within the active region. By measuring the reflectivity of a probe pulse with varying time delay between the pump and probe pulses, carrier dynamics and strain wave propagation were studied. We employed the conventional chopping and lock-in amplifier technique to measure sinusoidal strain-induced reflectivity modulations with time delay between pump and probe pulses. to photoexcited carriers, and the other is small sinusoidal modulations with a period of the order of 10 ps. The overall reflectivity dynamics must originate from the pump-induced changes in carrier density and polarization fields. 13 With there being a relatively strong piezoelectric effect, the electrons and holes excited inside each quantum well will be forced to move in opposite directions under the piezoelectric field, which will induce transient electric fields in each quantum well. The in-well screening will decrease as the excited carriers disappear through transport or electron-hole recombination. As can be understood from the simulated band diagrams in Fig. 1(b) , at low bias voltage, the electric field within each quantum well is in the opposite direction to the macroscopic electric field throughout the active region. Screening of the in-well electric field will occur instantaneously with the generation of photoexcited carriers in quantum wells. If the carriers are transported through the tunneling, the in-well screening and the non-equilibrium carrier density in quantum wells will disappear, and the macroscopic field screening will induce additional opposite fields. We propose that the initial positive reflectivity change originates from the contribution of the in-well screening and the carriers excited in quantum wells, while the reflectivity change becomes negative at high reverse bias through the increased contribution of the macroscopic field screening.
As the effective barrier is reduced by the reverse bias as in Fig. 1(b) , the movement of the electrons and holes towards the n-doped region and p-doped region, respectively, will accelerate.
14 As shown in Fig. 1(a) , the change in reflectivity decreases almost instantaneously for reverse biases of À6 and À9 V. The decay rate in Fig. 1(c) , which was obtained by exponentially fitting the temporal region within which the reflectivity decreases, is qualitatively consistent with the expected carrier tunneling time. 14 The sinusoidal modulation of the reflectivity strongly depends on the external bias. Figure 2(a) shows the oscillatory parts extracted from the pump-probe signals for several external biases. A pump pulse generates a strain wave, and the oscillatory signal is known to originate from the FabryPerot interference between probe photons reflected at the surface and those reflected at the strain wave. 15, 16 As the strain wave propagates with a time delay, constructive and destructive interference alternate to produce the oscillatory acoustic phonon signal in time-resolved reflectivity.
It is interesting that the acoustic phonons are almost completely suppressed at forward bias of þ2 V, even though the carrier density excited in quantum wells does not depend considerably on external bias. The strong dependence of the acoustic phonon generation on external bias as in Fig. 2(a) cannot be explained by the general piezoelectric electronphonon interactions, where the driving force is a strict function of the carrier density. 5 Our results, on the contrary, suggest that the dominant generation mechanism is the piezoelectric force, accompanied by the field screening of photoexcited carriers. Although the photon energy is lower than the band gap of the GaN barrier, carriers can be excited at GaN barriers through type-II transition where the transition probability is considerable at high reverse bias. 17 The carrier density excited in quantum wells by type-I transition must be much larger than that in barriers, but the screening efficiency may be low because the well width is less than the bulk exciton Bohr radius ($3.4 nm), with the electron wavefunction confined in the well. On the other hand, the carriers excited at barriers can efficiently screen the piezoelectric field. The screening speed in the barrier and the type-II transition coefficient increases with the reverse bias. 17 Thus, the small amplitude at forward or low reverse bias can be explained by the negligible type-II carrier excitation at barriers and the inefficient screening within wells. As the reverse bias increases, the barrier screening becomes prominent as is revealed by the stronger acoustic phonon amplitude in Fig. 2(a) . the mode at 109.5 GHz, there is a rather broad signal at 67.7 GHz, which will be described later.
Figure 2(c) shows the FFT intensity as a function of the external bias for both the signal at 109.5 GHz and that at 67.7 GHz. The intensity is negligible at forward biases higher than þ1 V and increases with reverse bias until À4 V. The intensity at 109.5 GHz decreases for reverse bias larger than À4 V, while the signal at 67.7 GHz increases consistently up to À9 V. For the strain wave to form its shape efficiently, the driving force is required to last for half of the phonon period. It is possible that the tunneling and carrier depletion occur too quickly at high reverse bias such that the strain generation is degraded.
Depending on whether the time delay is more or less than 120 ps, there are obvious differences in the oscillatory behaviors in Fig. 2(a) . This kind of abrupt signal change at a specific time delay with the strain propagation has been interpreted as being due to impedance mismatch at the hetero-interface or at the interface between different doping regions. 18, 19 To specify the origin of the temporal border more clearly, we performed sliding-window FFT (SWFFT) for the temporal oscillations at bias of À9 V. Figure 3 (a) is a contour plot of the SWFFT spectrum as a function of the time delay on the horizontal axis and of frequency on the vertical axis. Figure 3(b) shows the FFT intensity as a function of time delay for each peak. Figures 3(a) and 3(b) clearly show that the signal at 67.7 GHz is predominantly earlier than 120 ps, and the signal at 109.5 GHz strengthens as the 67.7 GHz signal weakens near 120 ps.
The transmission electron microscopy (TEM) image of the sample in Fig. 3(c) clearly displays each interface of the layers, enabling a good estimate of the individual-layer thicknesses. A portion of the strain wave generated in the InGaN/GaN MQW region will propagate towards the surface and will then be reflected with a p phase shift. 20, 21 Taking the strain propagation speed determined from the signal frequency of 67.7 GHz into account, time interval (1) in the contour plot with time delay t < 60 ps corresponds roughly to the temporal window when the strain transits from the MQW to the surface, and interval (2) of 60 < t < 120 ps corresponds to when the reflected strain propagates back to the MQW, and the wave moves into the n-doped region at a time delay of later than 120 ps. Although the origin of the 67.7 GHz signal is not obvious at this moment, we find that the signal prevails when the strain wave propagates in the p-doped region of the GaN or AlGaN in our LED structure.
In conclusion, we demonstrated that the amplitude of coherent acoustic phonons can be controlled by external biases in an InGaN MQW LED structure. The acoustic wave generation mechanism is dominated by the ultrafast electricfield screening of the piezoelectric field at barriers, where the barrier excitation by type-II absorption strongly depends on the applied bias. Comparison of the layer structure and the temporal evolution of the signal reveals that the acoustic phonon frequency is 67.7 GHz when the strain wave propagates in the p-doped region. 
